The human gut microbiota (HGM) makes an important contribution to health and disease. It is a complex microbial community of trillions of microbes with a majority of its members represented within two phyla, the Bacteroidetes and Firmicutes, although it also contains species of Actinobacteria and Proteobacteria. Reflecting its importance, the HGM is sometimes referred to as an 'organ' as it performs functions analogous to systemic tissues within the human host. The major nutrients available to the HGM are host and dietary complex carbohydrates. To utilise these nutrient sources, the HGM has developed elaborate, variable and sophisticated systems for the sensing, capture and utilisation of these glycans. Understanding nutrient acquisition by the HGM can thus provide mechanistic insights into the dynamics of this ecosystem, and how it impacts human health. Dietary nutrient sources include a wide variety of simple and complex plant and animal-derived glycans most of which are not degraded by enzymes in the digestive tract of the host. Here we review how various adaptive mechanisms that operate across the major phyla of the HGM contribute to glycan utilisation, focusing on the most complex carbohydrates presented to this ecosystem.
INTRODUCTION
The past 20 years has seen a substantial proliferation in both metagenomic and functional data on the human gut microbiota (HGM). Although dominated mainly by bacteria, the HGM is a complex microbial community consisting of members from almost all kingdoms of life including viruses (Qin et al. 2010; Reyes et al. 2010) . This complex microbial community is heavily populated and although previously exaggerated, revised estimates indicate that there are at least as many microbial cells in the HGM as there are human cells (Sender, Fuchs and Milo 2016) . It is widely established that the Firmicutes and Bacteroidetes phyla dominate the HGM in the adult (Qin et al. 2010; Human Microbiome Project 2012; D'Argenio and Salvatore 2015) , it should be emphasised, however, that organisms from the Actinobacteria, Verrucomicrobia and Proteobacteria also contribute to the HGM. Within the five phyla, this dynamic microbial community can significantly vary at the genus level depending on age, diet, stress and other physiological factors. At the genus level, Bifidobacterium and Lactobacillus dominate in the gut of the neonate, as they are more adapted to a breast-feeding lifestyle (Palmer et al. 2007; Turroni et al. 2012) , while high fibre and high fat post weaning diets promote the proliferation of Bacteroidetes and Firmicutes, respectively (De Filippo et al. 2010; Murphy, Velazquez Major HGM phyla and diversity of core bacterial genera. Firmicutes and Bacteroidetes phyla are the dominant groups in human gut microbiota as opposed to Actinobacteria and Proteobacteria which constitute a minor fraction with relatively low diversity at the genera level. Created from (D'Argenio and Salvatore 2015) and (Xiao et al. 2015) .
and Herbert 2015). Several studies examining changes in gut microbial phenotypes in human and animal models have been reported and reviewed (Ley et al. 2005; De Filippo et al. 2010; Walsh et al. 2014; Jose and Raj 2015; Murphy, Velazquez and Herbert 2015; Byerley et al. 2017; Flemer et al. 2017; Hakkak et al. 2017; Rosenfeld 2017) . Within the main phyla of the HGM, Firmicutes are the most diverse, represented by up to 10 core genera (Blautia, Butyrivibrio, Clostridium, Coprococcus, Eubacterium, Faecalibacterium, Oscillibacter, Roseburia and Ruminococcus and Streptococcus) , while the Bifidobacterium genus predominates in the least diverse phylum Actinobacteria (Fig. 1) . Alistipes, Bacteroides, Odoribacter, Parabacteroides and Prevotella are the main genera identified from the Bacteroidetes, while Desulfovibrio, Escherichia, Klebsiella and Shigella are the major representatives of the Proteobacteria phylum. There is however increasing evidence for the existence of a fifth genus, Sutturella, whose members have been detected in faecal samples from healthy adults (Ndongo et al. 2017) . Despite the low abundance of the Proteobacteria, prominent species from this phylum such as Escherichia coli are thought to play essential roles including the maintenance of a highly anaerobic gut environment for other gut microbes (Jones et al. 2011; Blount 2015) .
Within the main phyla of the HGM, Firmicutes are the most diverse, represented by up to 10 genera, while the Bifidobacterium genus predominates in the Actinobacteria phylum (Fig. 1 ). In the Proteobacteria phylum, E. coli species are the most predominant HGM microbes and, despite relatively less abundant, are thought to play essential roles including the maintenance of a highly anaerobic gut environment for other gut microbes (Jones et al. 2011; Blount 2015) .
A key aspect of the HGM is its role in diverse aspects of human physiology and health (Clemente et al. 2012; Shreiner, Kao and Young 2015; Lloyd-Price, Abu-Ali and Huttenhower 2016) . The HGM is known for its manifold positive contributions to human health, such as the development and regulation of host immunity (Round and Mazmanian 2009; Ichinohe et al. 2011; Wu et al. 2015) , energy supply to the host through the generation of short-chain fatty acids (SCFAs) (Hooper, Midtvedt and Gordon 2002; Morrison and Preston 2016) and protection from pathogen colonisation (Buffie and Pamer 2013; Perez-Cobas et al. 2015) . Unfavourable changes to the gut microbial composition (dysbiosis), however, can have serious consequences including the progress and outcome of human diseases such as inflammatory bowel disease (Boulange et al. 2016) , cancer (Roy and Trinchieri 2017) and diabetes (Tai, Wong and Wen 2015; Baothman et al. 2016) . For this reason, efforts are being made to manipulate the HGM in a bid to maintain human health and treat disease (Scott et al. 2015) .
The major sources of energy and nutrients available to the HGM are host and dietary complex carbohydrates. Dietary carbohydrates range from simple to complex plant and animal glycans such as plant cell wall pectin and hemicellulosic polysaccharides, cellulo-oligosaccharides, plant storage glycans, typically starches and fructans, fungal (yeast) α-mannans and animal-derived glycosaminoglycans (GAGs) such as heparin and chondroitin sulphate (Martens et al. 2011; McNulty et al. 2013; Desai et al. 2016; Sheridan et al. 2016) . Host-derived glycans from mucus and epithelial cell-derived proteoglycans represent an important alternative nutrient source for the HGM when dietderived glycans are limited, exemplified by starvation or the consumption of highly processed diets (Martens et al. 2011; Desai et al. 2016) .
Consistent with the variable impact that glycans have on the HGM, dietary carbohydrates represent an important tool with which to modulate this ecosystem to maximise its beneficial impact on human health. This role is well documented and forms the basis of the rationale behind prebiotic foods, an alternative to xenobiotic-based therapeutic interventions (Gibson 1999; Walsh et al. 2014) .
With respect to carbohydrate metabolism in the HGM, the Bacteroidetes are viewed as general glycan degraders. The mechanisms by which this genus utilises complex carbohydrates have been extensively investigated (Sonnenburg et al. 2010; Larsbrink et al. 2014; Cuskin et al. 2015; Raghavan and Groisman 2015; Rogowski et al. 2015; Foley, Cockburn and Koropatkin 2016; Bagenholm et al. 2017; Cartmell et al. 2017; Ndeh et al. 2017; Temple et al. 2017; Ulaganathan et al. 2017) . Such endeavours have been greatly facilitated by the availability of genetic systems for several Bacteroides species and the wealth of transcriptomic data. It should be emphasised, however, that there has been substantial recent interest in the mechanisms of complex glycan metabolism by members of the Firmicutes phylum (Crost et al. 2013; Cockburn et al. 2015; Ze et al. 2015; Sheridan et al. 2016) . In this review, we consolidate current knowledge on the biochemical basis of the metabolism of highly complex the host and dietary glycans available to the HGM, and how different phyla, genera and species are adapted to contribute to the process.
General systems for glycan utilisation across phyla
The metabolism of complex glycans in the HGM is mediated by Carbohydrate-Active Enzymes (CAZymes), which have been classed into sequence-based families on the CAZy database (Lombard et al. 2014) . This review focuses on families of glycoside hydrolases (GHs) and polysaccharide lyases (PLs). Within a given family the protein fold, the geometry of the target linkage, catalytic apparatus and mechanism are conserved. While substrate specificity can be invariant within some families such as GH10 and GH11, in other families substrate specificity is often highly variable exemplified by GH5 and GH43. These large families are now being divided into subfamilies, which is starting to link phylogeny with substrate specificity (Appleyard et al. 2009; Mewis et al. 2016) . Glycan utilisation in the Bacteroidetes is orchestrated by polysaccharide utilisation loci (PULs) which are gene clusters encoding glycan-degrading systems. Bioinformatic tools are now available to predict these loci in the genomes of Bacteroidetes (Terrapon et al. 2015) . The hallmark of PULs is adjacent gene pairs encoding a TonB-dependent outer membrane transporter (SusC homologue; SusC H ) and an associated glycan-binding protein (SusD homologue; SusD H ) (Martens et al. 2009 ). They are named after the prototypic proteins from the first characterised PUL encoding the starch utilisation system (sus) of Bacteroides thetaiotaomicron (Anderson and Salyers 1989) . Many sequenced gut Bacteroides spp. encode over 100 SusC HSusD H pairs. The mechanism by which extracellular substrate binding by SusD H proteins is coupled to outer membrane passage through their cognate SusC H transporter has recently been elucidated through X-ray crystal structures of two functionally distinct B. thetaiotaomicron SusCD complexes. The SusC H transporters form homodimers capped by their cognate SusD H . A 'pedal bin' mechanism is proposed in which SusD H moves away from SusC H in a hinge-like fashion in the absence of ligand to expose the substrate-binding site to the extracellular milieu (Glenwright et al. 2017) (Fig. 2) . Other components of PULs include genes coding for periplasmic and surface CAZymes, regulatory proteins and additional surface glycan-binding proteins (SGBPs). Genes within the same PUL are co-regulated in response to the target glycan substrate, a strategy that allows for the efficient and coordinated deployment of various functional components of the glycan-degrading machinery. The ability of gut Bacteroidetes to sense and respond to glycans is vested in PUL-encoded extracellular sensor-regulator systems, primarily extracytoplasmic function (ECF) sigma/anti-sigma factors and hybrid two-component systems (HTCS) (Martens, Chiang and Gordon 2008; Martens et al. 2009; Schwalm, Townsend and Groisman 2016) . The HTCS are cytoplasmic-membrane-spanning proteins that comprise all of the domains of a classical twocomponent system. Crystal structures of a Hep-binding HTCS revealed a significant conformational change in the homodimer on ligand binding, which results in a scissor-like closing of the C-termini of each protomer. This movement activates the attached intracellular kinase domains and represents an allosteric mechanism for bacterial transmembrane signalling that is distinct from previously described models (Lowe et al. 2012) .
In glycan degradation, the polysaccharide is initially bound to SGBPs, and is then partially degraded by surface glycandegrading enzymes (Larsbrink et al. 2014; Rogowski et al. 2015; Foley, Cockburn and Koropatkin 2016) . The resultant oligosaccharides are then imported into the cell periplasm through the SusC H /SusD H pairs (Glenwright et al. 2017) , where enzymatic depolymerisation to the monosaccharide components occurs (Cuskin et al. 2015; Ndeh et al. 2017) . These are then imported into the cell cytoplasm through inner membrane transporters (Fig. 3) . Transcriptomic studies suggest that each PUL targets a specific discrete glycan structure within the milieu of complex carbohydrates presented to the HGM (Sonnenburg et al. 2005) .
Up until 2016, very little was known about complex glycan metabolism by members of the Firmicutes within the HGM. The work by Flint, Juge, Koropatkin and colleagues has provided substantial insights into the adaptations of this group of organisms to the glycan-degrading lifestyle (Crost et al. 2013; Cockburn et al. 2015; Ze et al. 2015; Sheridan et al. 2016) . Firmicutes possess what is referred to as gpPULs (Gram-positive PULs) analogous to the PUL systems in Bacteroidetes in terms of gene content; however, they lack susC H susD H gene pairs that define PULs (Sheridan et al. 2016) . In general gpPULs like PULs are diverse and encode a range of transporters [ATP-binding cassettes (ABC) transporters, cation symporter family transporters, major facilitator superfamily transporters and PEP-phosphotransferase system (PTS) transporters], regulatory proteins and CAZymes (Fig. 3) . Similar to PUL encoded glycan-degrading systems, the target substrate is initially bound by extracellular carbohydratebinding proteins, partially processed by CAZymes before being imported, in this case into the cell cytoplasm through ATP-dependent transport for further depolymerisation (Fig. 3) . Actinobacteria, which are largely represented by Gram-positive Bifidobacteria in the HGM, are typically adapted to carbohydrates with a low degree of polymerisation (DP), and operate glycan acquisition paradigms similar to the gpPULs of the Firmicutes (Sheridan et al. 2016 ). Major differences, however, exist in terms of gene content; Bifidobacterium spp. dedicate a large proportion of their genomes for sugar uptake by ABC transporters, permeases and proton symporters, rather than through PEP-PTS transport (Schell et al. 2002; Ventura et al. 2007; Turroni et al. 2010) . Proteobacteria, in general, utilise a limited range of carbohydrates, typically monosaccharides and disaccharides, exemplified by core HGM members of this phylum such as E. coli. This bacterium possesses solute-binding proteins, PTS and ABC transporter systems and a few exo-glycosidases (Turroni et al. 2010; Steinsiek and Bettenbrock 2012; Maltby et al. 2013; Lombard et al. 2014; Conway and Cohen 2015; Desai et al. 2016) .
Metabolism of host glycans
To better appreciate and consequently exploit the full metabolic potential of the HGM, it is essential to understand how this ecosystem has evolved to adapt and utilise the most complex glycans it is exposed to. In this light, we review current literature on the metabolism of the diverse plethora of glycan sources presented to the HGM focusing on the more complex carbohydrates (Fig. 3) . The following sections discuss our current knowledge of host glycan metabolism in the HGM, primarily GAGs and mucin-O-glycans. We then describe the mechanisms by which plant-derived dietary glycans are utilised by the microorganisms of the human gut. (Glenwright et al. 2017) . Panel B shows the two conformations adopted by the heparin HTCS. In the scissor-like mechanism, the cytoplasmic kinase domains of the dimer are brought into close proximity allowing reciprocal phosphorylation (Lowe et al. 2012) . Panel C reveals the posterior and anterior pocket of a GH145 rhamnosidase. The two functional rhamnosidases contain a catalytic histidine in the posterior pocket (PBD 4IRT, cyan and PDB 5MUL, magenta), In the third GH145 enzyme (PDB 5MUL, yellow) the catalytic histidine is replaced by a glutamine). The catalytic apparatus located in the anterior pocket of a PL25 ulvan lyase (PDB 5UAM, green) is conserved in the three GH145 proteins suggesting that they may also display polysaccharide lyase activity (Munoz-Munoz et al. 2017b ).
Utilisation of GAGs
GAGs consist of uronic acids (UAs) linked to galactosamine [chondroitin sulphate (CS)] or glucosamine [heparin (Hep) and heparan sulphate (HS)], which are sulphated and N-acetylated (Hoffman et al. 1960; Shang et al. 2016) . GAGs are proteoglycans as they are attached to proteins on cell surfaces and extracellular matrices. Several species of the HGM, especially members of the Bacteroides genus, are capable of degrading GAGs (Raghavan and Groisman 2015; Desai et al. 2016) . GAGs are major priority nutrients for the bacterium B. thetaiotaomicron (Pudlo et al. 2015) and using a high-throughput sequencing approach, these glycans were also shown to influence the proliferation of several bacterial species in a mouse gut microbiota (Shang et al. 2016) . CS disaccharide on the other hand reduces the abundance of inflammatory Proteobacteria, while desulphation of CS by Bacteroides and other sulphatase-containing bacteria is thought to provoke inflammation (Liu et al. 2017) .
Hep/HS utilisation
The depolymerisation and subsequent utilisation of Hep and HS poses significant biological challenges. The two GAGs differ in their DP, which may indicate that depolymerisation occurs in distinct cellular compartments. Furthermore, sulphation patterns and the UA are also variable between Hep and HS. A recent study ) revealed how PLs, GHs and sulphatases, expressed by B. thetaiotaomicron in response to these GAGs, are tailored to act in unison to address the sulphation problem posed by HS and Hep (Fig. 4) . Transcriptomic data showed that a single PUL was activated when the bacterium was cultured on HS or Hep (Martens, Chiang and Gordon 2008) . The locus encodes four PLs. A PL12 lyase is located on the surface, while the other three enzymes (located in families PL12, PL13 and PL15) are periplasmic. The surface endoacting lyase cleaved HS, reflecting its high DP compared with Hep, which can be directly imported across the outer membrane. In the periplasm, both Hep and HS oligosaccharides are degraded by the three PLs, with each enzyme displaying specificity for substructures within these GAGs that display a different degree of sulphation. The enzymes also exhibit a different degree of processivity. Thus, depolymerisation of both Hep and HS occurs prior to desulphation. The UA of the limit disaccharide product is desulphated prior to hydrolysis of the glycosidic bond by a GH88 unsaturated GH. The O-and N-sulphation on the glucosamine generated are released by two different sulphatases. The crystal structures of a critical SGBP, which is able to bind both Hep and HS, and periplasmic sulphatases reveal the major specificity determinants for their promiscuous (SGBP) or tight (sulphatases) specificities. The B. thetaiotaomicron HS/Hep PUL is highly conserved within the human gut Bacteroides, indicating that the model is representative of how these organisms collectively attack these endogenous host substrates. In contrast to the Bacteroidetes, HS/Hep utilisation has not been observed among the Bifidobacteria of the HGM (Crociani et al. 1994) , and a large genomic study of Firmicutes revealed only one locus encoding a GH and PL (located in families GH88 and PL12, respectively) that may contribute to the metabolism of HS and Hep (Sheridan et al. 2016 ).
CS utilisation across major bacterial phyla in the HGM
The genetic basis for CS metabolism by the Bacteroidetes is the presence of a highly specific PUL exemplified by B. thetaiotaomicron, B. caccae and B. ovatus (Salyers and O'Brien 1980; Martens, Chiang and Gordon 2008; Raghavan and Groisman 2015) . In B. thetaiotaomicron, where the CS utilisation PUL has been investigated, CS import is mediated by a SusC H /SusD H transporter system which is critical for growth on the GAG (Cheng et al. 1995) . Periplasmic PLs initiate CS degradation. However, following the recent discovery of a novel 4S-endosulphatase enzyme in the CS locus (Liu et al. 2017) , it has been hypothesised that desulphation precedes lyase cleavage of the GAG. This is in sharp contrast to HS and Hep degradation where the exo-sulphatases act downstream of the PLs. Surprisingly, although the CS locus contains two PL genes, their deletion did not impede growth on the GAG. Recently, a third putative periplasmic CS lyase, not encoded by the CS PUL, was shown to be critical for CS utilisation (Raghavan et al. 2014) . Removal of the terminal unsaturated glucuronyl sugars from the products of the PLs is achieved by the unsaturated glucuronyl hydrolase. This also leads to the release of 6S-GalNAc which is subsequently desulphated to generate GalNAc (Ulmer et al. 2014) , indicating that desulphation does not occur exclusively prior to PL action.
Similar to HS/Hep degradation, CS utilisation is not widespread in the Firmicutes with only Clostridium hathewayi, Faecalibacterium prausnitzii and Streptococcus intermedius displaying growth on the glycan (Shain, Homer and Beighton 1996; Desai et al. 2016; Shang et al. 2016) . Unlike B. thetaiotaomicron, S. intermedius secretes CS-degrading enzymes into the environment generating oligosaccharides that may be available to other microbes in the HGM. Extensive studies investigating the CS and HS/Hep-degrading capacity of Actinobacteria (Bifidobacterium) and Verrucomicrobium species (Collinsella and Akkermansia muciniphila) revealed no evidence for growth on the GAGs.
The gut gammaproteobacterium E. coli HS is unable to utilise CS (Desai et al. 2016) . Chondroitin lyase genes have, however, been reported in the genome of a relative, Proteus vulgaris (Sato et al. 1994) . The encoded PL8 lyases display an endo-and exomode of action that act in synergy to degrade CS (Hamai et al. 1997; Prabhakar et al. 2005 ). The two PL8 lyase genes are in an operon that encodes a putative sulphatase, which likely contributes to the desulphation of CS, while the proteins encoded by the other two genes are annotated as transporters. The absence of genes encoding a GH88 unsaturated GH in this locus, which is required to act on the products of the PLs, suggests that it may not be a representation of the entire CS machinery in this organism.
To conclude, complementary enzyme families (PL8, GH88 and sulphatases) are the key players in CS utilisation in the HGM. PL8 members are widespread amongst Bacteroidetes but are rarely detected in the Bifidobacterium genus, consistent with the findings of (Crociani et al. 1994) . PL8 members are also rare in abundant HGM Firmicutes; the CAZy database contains only one entry for a HGM Firmicutes: Blautia hanseni (Lombard et al. 2014) . Despite the apparent rarity of PL8s in Firmicutes, this phylum is abundant in the HGM suggesting that CS may not be the main contributing factor to their predominance.
Mucin O-glycan metabolism
Mucins are an integral component of the mucus protective covering of epithelial cells. In the large intestines, the mucus layer plays a key role in preventing pathogens and the HGM from accessing the mucosal epithelial cells, which could result in both immune-and microbial-mediated diseases such as colitis, colorectal cancer and susceptibility to infection (McGuckin et al. 2011; Chen et al. 2012; Hansson 2012) . To perform this function, colonic mucus contains two layers: the outer loosely adherent layer which serves as a habitat for members of the HGM (Johansson, Larsson and Hansson 2011 ) and the inner sterile layer void of mucosal microbes. The mucins present in colonic mucus can serve as a nutrient rich source for the HGM, particularly in conditions of limited dietary intake (Martens, Chiang and Gordon 2008; Desai et al. 2016) . Understanding host microbial interactions at this critical interface can thus provide useful insights into the role of both the HGM and mucins in human health.
Mucins are glycosylated proteins consisting of a peptide core that is heavily decorated with, primarily, O-linked glycans (Bansil and Turner 2017) . It is the glycans that decorate MUC2 that are inhabited and metabolised by the HGM. Over eight different types of glycan core structures have been reported (Jensen, Kolarich and Packer 2010; Tailford et al. 2015a) . In MUC2, the Oglycans are based on sialylated core-3 (GlcNAc-β1,3-GalNAc) and core-5 (GalNAc-α1,3-GalNAc) (Larsson et al. 2009 ). Gastroduodenal mucins contain a high concentration of core 1 (Gal-β1,3-GalNAc), which are also present in colonic MUC2 (Jin et al. 2017) . The core structures can further be elongated by transferase enzymes with the addition of neutral and negatively charged sugars including GlcNAc, sulphated GlcNAc, Gal, sulphated Gal, Neu5Ac and Fucose (Thomsson et al. 2002; Jensen, Kolarich and Packer 2010; Bansil and Turner 2017) .
As reviewed in Tailford et al. (2015a) , it is now established that mucin degradation is widespread across the major phyla represented in the HGM. Growth experiments with porcine gastric mucins revealed species from the Bifidobacterium genus capable of metabolising mucins (Crociani et al. 1994; Ruas-Madiedo et al. 2008) . Based on biochemical evidence, a mucin degradation pathway was proposed for members of the Bifidobacterium genus and that distinct metabolic pathways are required for the degradation of gastroduodenal and colonic mucin O-glycans (Kiyohara et al. 2012; Katoh et al. 2017) . In this mechanism, duoedenal core-1 mucins are targeted extracellularly by a Bifidobacterium longum GH101 endo-α-N-acetylgalactosaminidase. The released galacto-N-biose (Gal-β1,3-GalNAc) is imported through an ABC cassette transporter and further metabolised intracellularly by the action of a GH112 galacto-N-biose phosphorylase. The pathways for the degradation of sialylated intestinal mucins based on core-3 structures terminating in lacto-N-biose and N-acetyl-lactosamine and sulphated mucins were also proposed as shown in Fig. 5 . A sulphatase cluster was also recently identified in Bi. breve, which could increase access to mucindegrading enzymes from a range of organisms by removing protective sulphate groups from GlcNAc and Gal (Egan et al. 2016) .
It is thought that extracellular degradation of mucins is designed for cross-feeding interactions within the HGM ensuring that a complex microbial population inhabits the mucosal layers (Egan et al. 2014) . To date, known mucin-degrading CAZyme families include GH33 (sialidases), GH29, GH95 (α-fucosidases), GH84, GH85 (exo-and endo-β-N-acetylglucosaminidases), GH2, GH20, GH42 (β-galactosidases), GH89 (α-Nacetylglucosaminidases), GH98 (endo-β1,4-galactosidases), GH101 and GH129 (α-N-acetylgalactosaminidases) (Lombard et al. 2014; Tailford et al. 2015a,b) .
Mucin O-glycan utilisation by B. thetaiotaomicron is orchestrated by multiple PULs (Martens, Chiang and Gordon 2008) . Several of the mucin-targeted Bifidobacterium gene families identified above were also detected in the transcriptome of Bacteroides suggesting similarities in the mucin-degrading strategies of these two genera. Figure 5 reveals the adaptation of Bacteroidetes to mucin degradation based on previously characterised mucinase families. The data showed that deletion of regulatory ECF components from five of these PULs substantially reduced B. thetaiotaomicron colonisation of the mucus in germfree mice (Martens, Chiang and Gordon 2008) . Another important revelation was that specific substructures within mucins induced different mucin responsive PULs implying that complete mucin O-glycan degradation in this bacterium requires the concerted action of PULs whose individual effects are complementary. In total, more than 30 genes were upregulated in response to mucin O-glycans making it one of the most complex responses to any glycan metabolised by the HGM. The release of sialic acid and fucose by the HGM Bacteroidetes demonstrates mucinase activity by members of this phylum (Nakayama-Imaohji et al. 2012; Pacheco et al. 2012; Park et al. 2013) . It was demonstrated that pathogenic proteobacterial and Firmicutes species including E. coli, Salmonella enterica serovar Typhimurium and C. difficile could benefit from mucin cross-feeding interactions by scavenging sialic acids released by B. thetaiotaomicron (Ng et al. 2013; Huang et al. 2015) .
The Firmicutes Ruminococcus gnavus and R. torques also produce mucin-degrading enzymes. A transcriptomic study on R. gnavus revealed the induction of several mucin-degrading GH families containing, for example, sialidases (GH33), β-galactosidases (GH2), fucosidases (GH95) and sialic acid utilisation genes (Crost et al. 2016) . As with the Bacteroidetes, further biochemical characterisation of the members of the relevant GH families in these organisms is required to better understand the mechanism of mucin use by the Firmicutes and hence their role in host-microbial interactions at the mucus interface. Although lactobacilli contain surface mucin-binding proteins (Macias-Rodriguez et al. 2009) , and are thus able to populate the mucus layer, there is no evidence that these bacteria are able to degrade these heavily glycosylated proteins (Abe et al. 2010) . Although GH33 sialidases and a limited number of other putative mucin-degrading enzymes are present in P. vulgaris CYPV1 and Klebsiella oxytoca JKo3 (Fig. 5) , in general proteobacterial genomes lack the genetic capacity to degrade these mammalian glycans. Hence, as suggested earlier, this phylum relies on monosaccharides generated by efficient mucin-degrading HGM species.
To conclude, considering the importance of host-microbial interactions at the mucin interface, detailed studies on the Actinobacteria (mainly Bifidobacteria) need to be extended to other major phyla represented in the HGM for a better understanding of mucin-based host-HGM interactions. Mucin degradation studies should also focus on A. muciniphila, whose genome encodes diverse mucinase enzyme families (Fig. 5) . Further examination of mucin based cross-feeding interactions in the HGM could also shed new light into the collective use of mucindegrading capacity within this ecosystem.
Metabolism of plant-derived dietary glycans
The primary cell wall of plants is a rich source of dietary polysaccharides. The major polysaccharide components of a primary plant cell wall include cellulose, hemicelluloses, pectins and arabinogalactan proteins (AGPs) (Fincher, Stone and Clarke 1983) . Due to their interactions, these four polymers form an intertwined network of protective material around the plant cell. Cellulose consists of β1,4 linked glucan polymers, while hemicelluloses include xyloglucans, mannans and xylans. Pectins are large galacturonic acid-containing complex polysaccharides containing three major structural units: homogalacturonan (HG), rhamnogalacturonan I (RGI) and rhamnogalacturonan II (RGII) (Ridley, O'Neill and Mohnen 2001) . A key feature of AGPs as the name implies is the presence of protein backbone to which polysaccharide structural components are attached (Tan et al. 2012) . The glycan backbone and side chains of AGPs consist of β-galactans that can be further decorated by a variety of sugars, particularly arabinose units (Fincher, Stone and Clarke 1983) . The proportion and complexity of various plant cell wall polysaccharides varies depending on the plant species. Plant cell wall polysaccharides are some of the most abundant and complex carbohydrates available to the HGM. This complexity is exemplified by plant pectins such as RGII and I (Ridley, O'Neill and Mohnen 2001; O'Neill et al. 2004) and xylans from the cell wall of cereal seeds. Current knowledge of how highly complex dietary glycans are utilised by the HGM is reviewed here. The utilisation of simpler cell wall plant polysaccharides, such as xyloglucan and mannans, has been described and reviewed in depth previously as have starch and fructans, which comprise the major plant storage carbohydrates. In this review, we focus on how the HGM metabolises the more complex plant glycans.
HGM utilisation of xylans
A structurally complex and diverse nutrient source for the HGM is xylan, a major component of plant hemicelluloses and one of the most abundant polysaccharides in nature (Brett and Waldren 1996) . They are consumed in the human diet in cereals such as corn, wheat, oat and rye. Xylan exhibits structural heterogeneity with a backbone of homopolymeric β-1,4-linked Dxylopyranosyl residues and diverse side-chain substitutions including acetylation, glucuronic acid and arabinose (Brett and Waldren 1996; Allerdings et al. 2006) (Fig. 3) . The xylan in the aleurone layer of cereal seeds is particularly complex (Fig. 3) . The backbone is extensively decorated with complex side chains containing D-and L-galactose, xylose, arabinose and glucuronic acid. Xylans are defined as arabinoxylans (AXs), glucuronoxylans (GXs) and glucuronoarabinoxylans (GAXs) (Sun et al. 2011; Rogowski et al. 2015) , reflecting the nature of their decorations. These modifications have a significant impact on their susceptibility to enzymatic degradation (Rogowski et al. 2015) .
Xylan and its oligosaccharides [xylooligosaccharides (XOS) and arabinoxylooligosaccharides (AXOS)] are abundant nutrient sources for the HGM and provide health benefits through their prebiotic effects. Studies have shown that xylans, XOS and AXOS can increase populations of useful microbes such as Bifidobacterium and Lactobacillus, which can utilise these glycans (Van Craeyveld et al. 2008; Cloetens et al. 2010; Broekaert et al. 2011; Neyrinck et al. 2011; Immerzeel et al. 2014) . Several xylan-degrading species have also been identified from HGM Bacteroidetes and Firmicutes (Salyers et al. 1977; Chassard et al. 2007 Chassard et al. , 2010 Dodd, Mackie and Cann 2011; Hong et al. 2014; Duncan et al. 2016; Wang et al. 2016) . As an abundant resource, xylan utilisation likely confers a major competitive advantage for xylan adapted species. In addition, it may represent a useful tool for modulating the HGM as its utilisation is not universal across all major HGM phyla at the species/strain level. This was demonstrated by Gordon and colleagues in an in vivo experiment examining the fitness and resource requirements of four HGM Bacteroides strains. The data revealed that wheat arabinoxylan specifically increased the abundance B. cellulosilyticus strains in mice fed a high saturated fat/high simple sugar diet (Wu et al. 2015) .
Bacteroidetes
Xylan-degrading systems in Bacteroidetes species have been characterised as exemplified by studies on B. ovatus (Rogowski et al. 2015) . The organism, which can utilise the three major xylans, contains two distinct PULs (PUL-XylS and PUL-XylL) that encode the xylan-degrading apparatus. The study revealed that xylan degradation was more complex than previously thought requiring catalytic functions not previously associated with the degradation of the glycan. Transcriptomic and PUL deletion data showed that PULXylS orchestrated GX degradation, while PULXylL targeted the more nutritionally relevant GAXs and AXs. Collectively, the two loci encoded 22 proteins, primarily enzymes, which are required to release the various substitutions in the xylans, particularly the GAXs. Cellular localisation studies confirmed that a majority of xylan degradation involving the removal of side-chain substitutions occurred in the periplasm following partial extracellular processing by enzymes belonging to GH10, 30 and 98 (Dodd et al. 2010; Rogowski et al. 2015) . Indeed, these studies revealed novel catalytic functions for several GH families including a GAX-specific GH98 xylanase from a family previously comprising only endo-β-galactosidases that target blood group glycans. The discovery of a GH95 α-L-galactosidase was also surprising as this family was thought to contain only α-L-fucosidases. Remarkably the ability of B. ovatus to generate extracellular polysaccharide breakdown products (PBPs) used by probiotic strains such as Bi. adolescentis was shown to be dictated by the structural complexity of the glycan type metabolised. This was demonstrated by the fact that only oligosaccharides generated by B. ovatus from AXs and GXs, but not complex GAXs from corn, sustained growth of the probiotic bacterium Bi. adolescentis in co-culture experiments. The distribution and conserved nature of xylan PULs amongst the Bacteroidetes not only implied a similar paradigm of xylan use but also reflected the importance of xylans as nutrient resource for members of this group. Other HGM Bacteroidetes potentially capable of xylan use are members of the Prevotella genus (Dodd et al. 2010; Dodd, Mackie and Cann 2011) .
Firmicutes
A recent study analysing the metaproteome of corn-stover adapted species revealed that Firmicutes species secrete a diverse range of xylan-degrading enzymes (Zhu et al. 2016) . Xylanolytic Firmicutes from the HGM include species of Lactobacillus and Roseburia (Chassard et al. 2007; Michlmayr et al. 2013; Pontonio et al. 2016; Sheridan et al. 2016) . L. acidophilus is capable of fermenting xylooligosaccharides, and families encoding α-arabinofuranosidases (GH43 and GH51) and β-xylosidases (GH43) have been identified from L. brevis (Michlmayr et al. 2013; Pontonio et al. 2016) . Roseburia sp. XB6B4 was also shown to be capable of degrading xylans and fermenting xylose to SCFAs.
Actinobacteria
Bifidobacterium species have been assessed for their ability to utilise xylans and derived oligosaccharides. Studies have revealed strain-dependent variations in the ability of this genus to utilise XOS and AXOS (Crittenden et al. 2002; Riviere et al. 2014) . In general, Bifidobacterium species do not utilise intact xylans (Rogowski et al. 2015) . Access to xylan-derived oligosaccharides by these Actinobacteria species is thought to be mainly through cooperative networks with complementary degradative capabilities (Fig. 6 ). Our knowledge of xylan utilisation by Proteobacteria and Verrucomicrobia is limited. Current genome analyses of species from this group show that enzymes from families GH11 and GH10, which are critical for xylan depolymerisation, are lacking (Lombard et al. 2014) .
To conclude, xylan utilisation by the HGM is mainly through cross-feeding interactions catalysed by xylan depolymerising species, primarily the Bacteroidetes. As demonstrated by Rogowski et al. (2015) , these cross-feeding processes may provide the mechanism by which xylans exert their bifidogenic effects in the human gut. Other potential beneficiaries of these interactions include members of the Proteobacteria phylum which have rarely been studied from this perspective. Since Bifidobacteria are more adept at using only XOS and AXOS than xylans (Pastell et al. 2009 ), B. ovatus and other members of the Bacteroidetes may be the keystone species that unlock the nutritive potential of the hemicellulose, a process somewhat analogous to role played by some Firmicutes members in starch metabolism (Ze et al. 2012 ).
Metabolism of pectins by the HGM
Although HG is the most abundant pectin in the plant cell wall, its structure is simple comprising a polymer of 1,4-α-D-GalpA units. As this review is focussed on highly complex glycans, the mechanism by which HG is degraded is not discussed in this review. There is, however, a recent report describing the degradation of HG by B. thetaiotaomicron (Luis et al. 2018 ). This review focuses on how the HGM utilises the pectins RGI and RGII, which are among the most complex glycans known.
RGI
RGI is a diverse and complex pectin present in plant cell walls (Yapo 2011) . It comprises a backbone of repeating disaccharide units of [-α-L-Rhap-1,4-α-D-GalpA-1,2-] n, which may be modified by side-chain decorations at O4 of the Rha units with principally α1,5-L-arabinan (decorated with arabinofuranose units at O3 and to a lesser extent O2) and β-1,4-D-galactan (Fig. 3 , Vincken et al. 2003; Naran, Chen and Carpita 2008; Khodaei and Karboune 2013) . Some important food sources of RGI include carrots, Okra, tomatoes and potatoes (Naran, Chen and Carpita 2008) . The composition and amount of RGI side chains is dependent on the source. . Xylan and mucin utilisation through cooperative metabolic networks in the HGM. Members of the Bacteroidetes phylum such as B. ovatus can utilise xylans through either sharing or selfish mechanisms dictated by glycan complexity. For example, fragments released from simpler xylans such as wheat arabinoxylan (WAX) can be shared with other gut microbes including members of the Bifidobacterium genus. Fragments generated by the degradation of complex xylans from the aleurone layer of corn seeds (CX) are not available to Bifidobacterium. Mucin utilisation by Bifidobacteria and Bacteroides can also lead to the extracellular production of sialic acids and fucose which can be utilised by gut proteobacterial species such as E. coli. Xylose can be used by species such as Bi. catenulatum and Bi longum and arabinose by Bi. dentium. Short-chain fatty acids (SCFA) are absorbed by the colonic epithelium where butyrate is used as a significant energy source.
galactan and arabinan side chains, respectively (Westphal et al. 2010) .
RGI and its oligosaccharides can also serve as prebiotics for the HGM as they, like xylans, stimulate the growth of probiotic Bifidobacterium ssp. and Lactobacillus ssp. (Khodaei et al. 2016) . Proof of RGI metabolism was also provided in a experiment exploring its suitability as a potential drug delivery system for the gastrointestinal tract. The study provided evidence that RGIbased microcapsules were mainly digested in the terminal gastrointestinal tract by the HGM (Svagan et al. 2016) .
RG I-backbone
The mechanism by which B. thetaiotaomicron utilises the RGI backbone (RGI-B) has been elucidated. Transcriptomic data showed that a large PUL (RGI-PUL) containing 17 genes encoding GHs and PLs was upregulated by RGI-B (Martens et al. 2011) . Analysis of the biochemical properties and cellular location of these enzymes led to the generation of a model for how this glycan is depolymerised (Luis et al. 2018) . Degradation of RGI-B was initiated by a surface PL that was shown to be essential for degradation of the glycan. The oligosaccharides that enter the periplasm were then initially depolymerised by two endo-acting PLs with different specificities. The resultant oligosaccharides comprising Rha-GalA disaccharide repeats were then deconstructed by two GH105 GHs that target unsaturated GalA at the non-reducing end of di-and oligosaccharides, three GH28 exo-α-galacturonidases and a GH106 α-rhamnosidase. RGI-PUL, in addition to orchestrating RGI-B depolymerisation, removes remnants of linked polysaccharides and single sugar side chains. In contrast, PULs that mediate degradation of other branched glycans depolymerise both the respective side chains and backbone structures (Larsbrink et al. 2014; Cuskin et al. 2015; Rogowski et al. 2015; Bagenholm et al. 2017; Cartmell et al. 2017) . Luis et al. (2018) proposed that B. thetaiotaomicron does not necessarily target intact pectin structures but is able to utilise pectin domains generated by other organisms in the HGM. The RGI-B exposed through symbiotic relationships with other intestinal microorganisms, or upstream processing by other PULs of B. thetaiotaomicron, is likely to contain additional pectin remnants explaining the complexity of enzymes encoded by RGI-PUL.
Current data indicate that the HGM Firmicutes do not utilise RGI. For example, R. intestinalis, R. biruclans and Eubacterium rectale were unable to metabolise galactan rich RGI from potato (Wegmann et al. 2014; Desai et al. 2016) , consistent with the lack of genes encoding PL11, PL9 or PL4 RGI lyases. Genes encoding these RGI lyases are also rare in the genomes of HGM Bifidobacterium species. It is also worth noting that these organisms do not utilise galacturonic acid (Crociani et al. 1994) , a significant component of RGI, supporting the proposal that this pectin is not metabolised by the Bifidobacterium genus. Similarly, species from the Proteobacteria phylum do not contain genes encoding obvious RGI-degrading enzymes, and have not been shown to metabolise this pectin (Desai et al. 2016 ).
Arabinan
The degradation of arabinan by Bacteroides species is common with 60% of these organisms capable of growing on the arabinose polymer (Luis et al. 2018) . Transcriptomic analysis identified the PULs activated by arabinan (Martens et al. 2011) . Biochemical analysis of the B. thetaiotaomicron arabinan PUL revealed three GH43 enzymes that targeted the glycan (Cartmell et al. 2011) . Two of these enzymes were endo-arabinanases that displayed a preference for decorated and linear arabinan, respectively, while the third enzyme (BT0369) was an α-L-arabinofuranosidase that cleaved O2-arabinosyl linkages in the context of single or double (O2 and O3) substitutions of the arabinan backbone (Cartmell et al. 2011) . It was proposed that the two endo-arabinanases initiated degradation on the bacterial surface and, after import into the periplasm through a SusC H /SusD H system, the oligosaccharides were depolymerised by BT0369, two enzymes from the α-L-arabinofuranosidase family GH51 and a GH146 β-L-arabinofuranosidase (Luis et al. 2018) .
Complete fermentation of arabinan oligosaccharides has been demonstrated for Bi. longum and, to a lesser extent, Bi. breve and Bi. adolescentis (Van Laere et al. 2000) , and GH51 α-Larabinofuranosidases that remove the side chains of arabinans have been described in Bifidobacterium species (Margolles and de los Reyes-Gavilan 2003) . Predicted arabinan targeted enzyme families GH51 and GH127 have been identified in the gut Firmicute R. intestinalis XB6B4, and the cognate locus, termed gpPUL, also encodes an ABC transporter and a TetR transcriptional regulator protein (Sheridan et al. 2016) . The gpPUL, however, lacks a gene encoding an obvious endo-arabinanase, which is found only in family GH43, and thus the gene content is not consistent with arabinan degradation although it may act on oligosaccharides derived from the polysaccharide.
Galactan
Metabolism of the galactan side chains of RGI by HGM members of the Bacteroides is well established (Martens et al. 2011; Desai et al. 2016; Lammerts van Bueren et al. 2017) . B. thetaiotaomicron contains a small PUL (Gal-PUL), encoding a periplasmic GH2 β-galactosidase and a surface GH53 endo-β1,4-galactanase, which is upregulated by galactan (Martens et al. 2011 ). The GH53 enzyme was shown to hydrolyse galactan into galactooligosaccharides that were imported into the periplasm where the GH2 β-galactosidase converted these polymers into galactose (Luis et al. 2018) . Loci corresponding to the B. thetaiotaomicron Gal-PUL in other Bacteroides species often contained an additional ORF, which, in the B. ovatus Gal-PUL, encodes a surface exo-acting β-galactosidase (BACOVA 05493) that established a new CAZy family, GH147 (Luis et al. 2018) . The enzyme was particularly active against galactohexaose and galactan. The importance of this enzyme was illustrated by the severe growth defect displayed by bacova 05493 on galactan. Although the B. ovatus locus encodes an endo-galactanase, the enzyme has very low activity and its function appears to be replaced by the GH147 β-galactosidase. The critical role played by a surface exo-β-galactosidase in galactan metabolism in some Bacteroides species is intriguing. As stated above, this contrasts with all other Bacteroides glycandegrading systems described to date, which deploy endo-acting CAZymes. These organisms may target galactooligosaccharides, albeit with a high DP, released by other organisms within the HGM, obviating that need for endo-cleavage. Luis and colleagues proposed that different Bacteroides target galactans in distinct nutritional niches within the gut.
Very few Firmicutes are capable of galactan metabolism; only a R. faecis strain was shown to utilise the glycan (Sheridan et al. 2016) . Growth of R. faecis on galactan is supported by the presence of a gene encoding a GH53 enzyme. It is likely R. hominis is another galactan utiliser as its genome also encodes a GH53 enzyme that is predicted to be an endo-β1,4-galactanase (Sheridan et al. 2016) .
Galactan is an important nutrient source for the Actinobacteria especially Bifidobacterium species (Gibson et al. 2017) . Bifidobacterium pseudocateulatum, Bi. longum and Bi. breve are some of the key galactan degraders. A metabolic pathway for galactan utilisation was recently described in Bi. breve (O'Connell Motherway, Fitzgerald and van Sinderen 2011) . This organism and its close relatives contain a gal locus encoding a secreted GH53 β-1,4-endogalactanase that degrades galactan to galactooligosaccharides. These oligosaccharides are then imported through an ABC cassette transporter and further degraded to galactose by a GH42 galactosidase. The presence of the locus in other species such as Bi. adolescentis and Bi. dentium demonstrates that galactan use is a widespread trait for this genus.
Single organisms in the HGM can metabolise RGII RGII is a plant cell wall polysaccharide present in fruits, vegetables and many vascular plants where it typically accounts for 10% of the pectins (Mohnen 2008) . As a result of its recalcitrance to enzymatic digestion, RGII is highly concentrated in processed beverages such as wine (Pellerin et al. 1996) and fruit juices of apple, tomato and carrot (Doco et al. 1997) . Recent reports have indicated that RGII possesses anti-metastatic properties (Park et al. 2017) . The specific structural features responsible for this property and the mechanism of action are not yet known.
RGII is the most complex polysaccharide known containing the highest number of diverse glyosidic linkages (O'Neill et al. 2004) (Fig. 7) . It is, however, highly conserved in vascular plants and typically exists as a dimer cross-linked by borate diester bonds between C-2 and C-3 of the apiose at the base of chain A. The dimerisation contributes to the formation of the RGII network within the pectin complex (see O'Neill et al. 2004 for review) . A RGII monomer has a molecular mass of about 10 kDa, consisting of 13 different sugars. The structure of RGII has now been revised (Fig. 7) in light of the structures of the glycan revealed during the degradative process. Thus, the study by Ndeh et al. (2017) showed that the rhamose-apiose linkage at the base of chains A and B is α and not β, as reported previously (O'Neill et al. 2004) . A new invariant side chain was discovered, chain F, comprising an α-L-arabinofuranose unit attached at O3 to the backbone GalA appended with chain A. Finally, the site of methylation of the backbone is restricted to a specific GalA residue.
In the ∼40 years since RGII was discovered no single organism was shown to grow on RGII, and it was generally believed that microbial consortia were required to metabolise the glycan. Despite its complexity, RGII represents a potentially important source of nutrients for the HGM, particularly when one considers the widespread consumption of beverages containing processed pectins such as wine and apple juice. This stimulated Abbott to explore whether plant cell wall-degrading organisms of the HGM could metabolise RGII. The data did indeed show that B. thetaiotaomicron and B. ovatus were able to grow on RGII (Martens et al. 2011) . These growth studies were extended by Ndeh et al. (2017) , showing that around two thirds of the 30 HGM Bacteroides species grew on the pectic glycan. Ndeh et al. (2017) revealed the mechanism by which the RGII degradome, identified in the prominent HGM microbe B. thetaiotaomicron, depolymerised the pectic glycan (Fig. 7) . This report demonstrated that B. thetaiotaomicron was capable of degrading all but one of the 22 glycosidic linkages in RGII (Fig. 7) and that the majority of this degradative processes took place exclusively in the periplasmic space of the bacterium. A major outcome of the study was the discovery that the organism had recruited several novel enzymatic functions from seven new GH families (GH137 to GH143) and a new family of pectin methyl esterases (BT1017) that remove methyl modifications on the RGII backbone. The study also identified three new activities for existing GH families. The degradative process is predominantly exo; however, endo-cleavage by an RGII specific family PL1 lyase (BT1023) is required to initiate cleavage of the GalA backbone. Indeed, the action of the lyase is essential for the degradative process to occur as the mutant bt1023, in contrast to the other gene knockouts encoding GHs, was unable to grow on the pectic polysaccharide. The degradation of the base of the side chains requires prior removal of the backbone, while cleavage of the terminal disaccharide of chain A disrupts dimerisation of the substrate leading to increased enzyme access.
It was also observed that several sugars (e.g apiose, Kdo, aceric acid) released during the depolymerisation of RGII were not metabolised and appeared in the growth media. Noticeably, B. vulgatus and B. dorei did not secrete apiose suggesting that the sugar maybe metabolised by these organisms. While the biological significance of this phenomenon is currently unknown, it could be the basis of cooperative activity between RGII and non-RGII metabolising organisms across the different gut phyla.
Despite multiple arabinosyl, fucosyl and rhamnosyl linkages, each enzyme is bespoke for a specific glycosidic bond, at least in the side chains, and thus 26 enzymes are required to depolymerise the glycan. The crystal structures of eight enzymes in the RGII degradome provided insights into the mechanism of substrate recognition and catalysis. For example, the GH127 aceric acidase lacked the canonical catalytic acid/base, suggesting that the carboxylate of the substrate contributes to the catalytic apparatus. The crystal structure of BT0996 and BT0986 revealed the 3D structure of chain B comprising of nine sugars, which showed how the conformation of the oligosaccharide altered during the degradative process and the mechanism by which enzymes in the degradative pathway adapted to the topographical changes in the substrate.
Bioinformatic analysis of the RGII PULs indicates that degradation of the glycan is widespread among the Bacteroidetes from other habitats such as soil and the rumen of herbivores. Such analyses did not reveal any conservation of the RGIIdegrading system in other phyla of the HGM, consistent with the inability of Bifidobacteria to grow on HG, the backbone of RGII. Currently, it would appear that RGII utilisation in the HGM is restricted to the Bacteroidetes. The impact of RGII on the HGM has not been investigated although it is possible that the capacity of B. vulgatus and B. dorei to utilise apiose, while the other RGII-degrading organisms are unable to metabolise the furanose sugar, may be significant. Nevertheless, the selective utilisation of RGII suggests that this molecule holds great potential as a tool for the manipulation of the HGM. Considering its complexity, the presence of RGII-degrading members in the HGM, reveals the extensive and highly advanced glycan metabolising capacity of the HGM.
Prolonging the activation signal during pectin degradation Analysis of the pectin-degrading systems in B. thetaiotaomicron showed that the enzymes that generate the activating oligosaccharide ligands are substantially less active than the GHs that deploymerised these inducing molecules (Luis et al. 2018) . The biological rationale for this difference in catalytic competence may reflect the need to protect the inducing ligand, as proposed for the CS utilisation system (Raghavan et al. 2014) . Slow release of the side-chain stubs or unsaturated UAs (to generate the inducing ligand) will block the rapid degradation of the backbone ensuring that there is continuous production of the activating molecules throughout growth on the respective glycan.
Utilisation of AGPs by the HGM
AGPs are complex plant cell wall proteoglycans (Fincher, Stone and Clarke 1983) and, as the name implies, are composed primarily of galactose and arabinose linked to proteins rich in hydroxyproline, serine and threonine. They are present in a range of plant sources including soyabean, wheat grain, larchwood, gum arabic and red wine. It is established that AGP glycans contain a linear backbone of β-1,3-linked D-galactopyranose residues decorated with β-1,6-galactan side chains of variable DP, which can further be chemically modified with arabinose, glucuronic acid, rhamnose and fucose (Inaba et al. 2015 and see Fincher, Stone and Clarke 1983 for review] .
How gut bacteria access AGPs in the human diet is of great interest considering the prebiotic and anti-cancer properties (Moghtaderi, Sepehri and Attari 2017) of these glycans. Gum Arabic, for example, is a food additive and alongside larchwood can be fermented by several HGM species to produce SCFAs (Crociani et al. 1994) . Bifidogenic effects have also been reported for larchwood AGP and antiviral activity has been assigned to other sources of the glycan (de Oliveira et al. 2013) .
Bifidobacterium
Based on a study on 34 Bifidobacterium strains from nine species, it was established that only a few strains of Bi. longum susp longum sp. were capable of AGP metabolism, although growth was poor (O'Connell Motherway, Fitzgerald and van Sinderen 2011) . Degnan and Macfarlane (1995) also confirmed partial growth of a Bi. longum strain on larchwood AGP in continuous cultures with excess growth substrate. Despite producing several AGP-degrading enzymes, growth of the Bifidobacterium strain was significantly reduced in carbon-limited chemostats, unless the HGM bacterium B. thetaiotaomicron was included, suggesting that cross-feeding between the organisms occurred.
Molecular details of the mechanism of Bifidobacterium metabolism of AGP were advanced by the Fujita group (Fujita et al. 2014) . It was established that AGP degradation was orchestrated through a combination of enzymatic activities from distant genetic loci in Bi. longum subsp. longum, which also contain ABC cassette transporters. In the proposed mechanism, an exo-β-1,3-galactanase cleaved the β1,3-galactan backbone generating side-chain arabinofuranosyl decorated β1,6-galactooligosaccharides, which were further processed by an endo-1,6-galactanase in concert with two GH43 α-L-arabinofuranosidases on the surface of the bacterium. Released oligosaccharides and monosaccharides were imported through ABC cassette transporters and further processed by exo-acting β1-6 galactosidases and arabinofuranosidases. In addition, a GH27 β-L-arabinopyranosidase AbpBL that cleaves β-L-arabinopyranose units from larchwood AGP was recently characterised from Bi. longum subsp. longum (Shimokawa, Kitahara and Fujita 2015) . Although a degradative pathway was proposed for gum arabic AGP, this would require additional enzymatic functions reflecting its complexity (Nie et al. 2013) . (Martens et al. 2011; McNulty et al. 2013) . Growth of B. thetaiotomicron and B. ovatus on this glycan upregulated two PULs containing a total of more than 20 genes encoding several GH families and proteins of unknown function. It is thus highly likely that AGP utilisation is orchestrated by similarly complex metabolic interactions observed for RGII and mucins. To date, three enzymes encoded by genes in these loci in B. thetaiotaomicron have been characterised (Munoz-Munoz et al. 2017a,b) . Two of the genes encoded the founding member of new CAZyme families: BT3686 is a GH145 α-L-rhamnosidase and BT0263 a PL27 L-rhamnose-α-1,4-D-glucuronate lyase. The two enzymes are capable of releasing the rhamnose cap from gum arabic side chains. The gene encoding BT3687, in the same PUL as BT3686, encodes a GH105 unsaturated glucuronyl hydrolase. The enzyme released the unsaturated GlcA following BT0263 treatment, suggesting interaction of more than one genetic loci to metabolise gum arabic and, indeed, presents two different mechanisms for initiating side-chain degradation. The crystal structure of the GH145 enzyme was particularly intriguing. The rhamnosidase displayed a β-propeller fold and, unique for enzymes with such a fold, the active site was located on the posterior rather than the anterior surface of the GH. Furthermore, the catalytic apparatus comprised a single histidine that was not invariant in the family. Enzymes lacking the imidazole amino acid did not display GH activity. Intriguingly, when the histidine was engineered into 'inactive' structural homologs lacking the imidazole residue, α-L-rhamnosidase activity was established. The anterior pocket displays complete conservation with a PL25 ulvan lyase (Ulaganathan et al. 2017) , suggesting that PL is the conserved catalytic function of GH145, with rhamnosidase activity installed into a proportion of these enzymes that target AGPs. Currently, no HGM Firmicute species tested (R. intestinalis, E. rectale, F. prausnitzii, Marvinbryantia formatexigens and Cenarchaeum symbiosum) have demonstrated growth on larchwood AGP (Desai et al. 2016) .
Bacteroidetes
To conclude, it is evident that simple AGPs, typically from larchwood, are metabolised by numerous members of the Bacteroides genus, and Bifidobacterium species can grow on these glycans in combination with B. thetaiotaomicron (Degnan and Macfarlane 1995) . Dissecting the PULs encoding the AGP-degrading apparatus is likely to reveal the mechanisms by which these complex heterogeneous glycans are utilised. With the paucity of detailed structural information on AGPs, it is hoped that the GHs and PLs recently identified will provide a toolbox for elucidating the myriad of AGP structures present in planta.
The ecology of glycan utilisation in the HGM
It is widely established that a large number of organisms in the HGM are not able to utilise complex glycans directly. These bacteria exploit the oligosaccharides and monosaccharides generated by organisms that initiate the degradation of complex carbohydrates (reviewed by Cockburn and Koropatkin 2016) . Consistent with this model is the identification of keystone organisms that degrade recalcitrant polysaccharides generating PBPs that are thus available to other organisms. In this respect, it is interesting to note that a large number of the HGM Bacteroides contain genes encoding GH13 enzymes that catalyse the depolymerisation of starch. While these bacteria grow on soluble starch, they are unable to utilise crystalline forms of the α-glucan termed resistant starch (RS). An HGM Firmicute, R. bromii, is an important keystone species in the breakdown of RS. In mixed culture rich in RS, the bacterium promotes the growth of the many organisms in the human gut that can utilise soluble forms of starch (Ze et al. 2012) . R. bromii produces a large multienzyme amylase complex, which is assembled through cohesin-dockerin interactions. It is believed that this complex, termed the amylosome, mediates RS degradation and thus gives the organism its keystone status (Ze et al. 2015) . Other examples of cross-feeding between members of the HGM are also evident within the Bifidobacterium genus, which rely on the presence of a primary degrader to grow on RS (with R. bromii) or xylan (with B. ovatus) (Turroni et al. 2010 (Turroni et al. , 2012 . Cross-feeding between Bifidobacterium strains is also evident, indicating that these organisms are targeting distinct structures of a common complex glycan (Milani et al. 2015) . A particularly interesting example of cross-feeding was observed between a Firmicute and Bifidobacterium at both the level of oligosaccharide degradation and in the utilisation of the SCFA acetate, generating butyrate, which promotes human health (Duncan et al. 2004) . A particularly interesting microbial interaction was observed between B. thetaotiotaomicron and E. rectale in the mouse intestines. In the presence of the Bacteroides species, E. rectale switched from expressing GHs to upregulating its oligosaccharide transporters, suggesting that the survival strategy of the Firmicutes was to utilise glycan fragments released by B. thetaotiotaomicron (Mahowald et al. 2009) . The mechanism by which HGM Bacteroides can participate in cross-feeding may be related to their ability to produce outer membrane vesicles containing some GHs. This switches glycan degradation to the external milieu, rather than at the bacterial surface, making the oligosaccharide products available to a range of organisms. Such cross-feeding mechanisms are particularly evident in the metabolism of inulin, a low DP fructan, and amylopectin (Rakoff-Nahoum, Coyne and Comstock 2014). The benefit of such processes to the donor organisms is not obviously apparent. However, in a series of elegant experiments both in vitro and in vivo, Cormstock and colleagues showed that the extracellular digestion of inulin increased the fitness of B. ovatus through reciprocal benefits from the recipient bacterium B. vulgatus. The precise mechanism by which the donor bacterium benefits from this interact is unclear (RakoffNahoum, Foster and Comstock 2016).
Analysis of the biochemical properties of endoglycanases on the surface of Bacteroides species indicates that these enzymes are slow and cleave the polysaccharide infrequently compared to their periplasmic counterparts. It was proposed that this restricted the release of oligosaccharides into the environment by not saturating the SusC H /SusD H importer. This hypothesis was confirmed with respect to the utilisation of yeast α-mannan, which is dominated by B. thetaiotaomicron species. In co-culturing experiments using yeast mannan as the carbon source, B. thetaiotaomicron did not potentiate the growth of organisms that could utilise mannose or even the linear undecorated α1,6-mannan backbone (Cuskin et al. 2015) . It is unclear whether other slow or infrequent cleaving surface GHs, evident in the xylan, arabinan and β-mannan-degrading systems (Rogowski et al. 2015; Bagenholm et al. 2017; Cartmell et al. 2017) , prevent crossfeeding. It is possible that these enzymes are required to hydrolyse the backbone of highly decorated glycans, and thus steric constraints restrict substrate availability. To elucidate such a correlation, pectin cross-feeding experiments among Bacteroides species or engineered mutants have been reported (Luis et al. 2018) . The data showed that the highly active surface endogalactanase generated PBPs that were available to other organisms. In contrast, organisms that relied on PBPs from RGI, HG or arabinan, did not compete with wild-type B. thetaiotaomicron. This likely reflects the large PBPs generated by B. thetaiotaomicron from these three pectins, supporting the correlation between cross-feeding and the catalytic efficiency of surface endo-acting GHs or PLs (Luis et al. 2018) . It should also be emphasised that non-Bacteroides species may benefit from pectin-derived crossfeeding. Potential candidates within the HGM are Bifidobacterium species, which generally utilise PBPs rather than the polysaccharide (Rogowski et al. 2015) .
An interesting further example of 'selfish' glycan utilisation is displayed by the HGM bacterium R. gnavus. The bacterium removes terminal sialic acid from host mucins through the action of an intramolecular trans-sialidase. Ruminococcus gnavus benefits from producing 2,7-anhydro-Neu5Ac as few organisms are able to utilise the modified sialic acid (Tailford et al. 2015b) .
CONCLUSION
The HGM is a metabolically rich environment that is equipped to target the diverse and complex glycan sources presented to the large bowel such as RGII, RGI, CS, human mucins and AGPs. To better appreciate the metabolic potential of the HGM and its role in human health, we reviewed current knowledge of the capacity of this ecosystem to metabolise highly complex glycans. HGM bacteria such as Bacteroides display diverse and versatile glycan metabolising capabilities, compared to other genera such as Bifidobacterium. Members of the Bacteroidetes appear to have achieved this capability by genomic expansion through the recruitment of new enzymatic families and functions to accommodate extremely complex glycans as observed for RGII. This is consistent with data showing the existence of an increased number of genes encoding GHs and PLs in the genomes of Bacteroidetes species over other HGM phyla. The revelations, however, support the notion that particular HGM genera display significant differences in highly complex glycan utilisation, which may be species or even straindependent. Hence, the this illustrates importance of analysing glycan utilisation by the HGM at the strain level. Differential glycan preferences are useful in the sense that they can be exploited for the selective targeting and enrichment of particular species associated with beneficial functions such as probiotics. The HGM, however, seems to compensate for deficiencies in some organisms by operating cross-feeding networks, which collectively benefit more HGM members. It is evident that more studies should thus focus on analysing these metabolic food webs and keystone species important for unlocking the nutritive potential of complex glycan targets. Indeed, in a series of elegant studies by the Comstock group cross feeding between inulin and amylopectin utilisation by Bacteroides species was of benefit to the donor and the recipient of the PBPs (Rakoff-Nahoum, Foster and Comstock 2016). Finally, it is worth noting that regardless of the source, pectinolytic and hemicellulolytic CAZymes have substantial applications in the biofuel and biorefining industries, hence further adding to the impact of studying glycan metabolism in the HGM.
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